Fiber-reinforced concrete is well known for crack control by bridging cracks in the concrete. Short, discontinuous fibers are added into plain concrete to provide post-cracking ductility to the fiber-reinforced concrete. Although fiber-reinforced concrete has been used in various civil engineering applications, the practical application of fiber-reinforced concrete in bridge approach slabs is rarely found. In this paper, steel fibers, serving as macro-fibers, and polyvinyl alcohol fibers, serving as micro-fibers, were added to the approach slab concrete for crack control purpose. This paper describes flexural tests of four fiber-reinforced concrete beams and loading test of a full scale fiber-reinforced concrete approach slab. Results from the flexural beam test show that the addition of fibers greatly improves the fracture toughness of the concrete. Results from the loading test show that the overall performance of the slab is comparable to conventional reinforced concrete approach slabs, and the surface cracks on the slab due to negative moment can be adequately controlled by the addition of steel and polyvinyl alcohol fibers into concrete, even without top reinforcement mat.
Introduction
Approach slabs are often used in the United States to provide a smooth transition from the bridge to the roadway. However, unsatisfied performance of approach slabs has been reported in many states [1] [2] [3] , due to damage or deterioration in the slabs from heavy traffic, soil washout underneath the slabs, and settlement of the embankment. Among factors contributing to deteriorate approach slabs, surface cracks may be one of the dominate factors. Surface cracks resulting from distress in the approach slab often exhibit in the form of transverse and longitudinal cracks, which decrease the service life of the approach slab and increase the maintenance/repair costs. In an extensive survey conducted by Nassif et al. [4] , traverse cracks extending the full width of the approach slab were most commonly observed. Some of these cracks occurred at distances as close as 8' from the abutment while other cracks occurred closer to the roadway pavement. Attempts to improve the approach slab design by increasing the slab thickness, addition of reinforcement and higher concrete strength were generally unsuccessful in mitigating the approach slab cracking [4] .
Fiber-Reinforced Concrete (FRC) Approach Slab
Currently, there is no uniform design of approach slabs in the United States, which may have contributed to varying performance of the approach slab across the country. In California, standard approach slabs are currently 30' long, 12' wide, and 12" thick. The reinforcement design for conventional reinforced concrete (RC) approach slabs is about 1.4% steel area ratio in the longitudinal direction and about 0.36% steel area ratio in the transverse direction. The bottom reinforcement in the longitudinal direction is provided by #8 bars at 6" center-to-center whereas the top reinforcement is provided by #6 bars at 12" center-to-center. The top reinforcement in this case corresponds to 28% of the bottom reinforcement.
Since surface cracks may deteriorate approach slabs, the main goal of this project is to propose a new approach slab design by adding fibers to the concrete to help reduce surface cracks. In the proposed slab design (FRC slab), steel fibers, serving as macro-fibers, and polyvinyl alcohol fibers, serving as micro-fibers, were added to the approach slab concrete for crack control. The steel fibers were provided by Dramix RC-80/60-BN having a diameter of 0.03" and a length of 2.375", while the polyvinyl alcohol fibers were provided by Kuralon RECS15 having a diameter of 0.0025" and length of 0.33". The amounts of steel and polyvinyl alcohol fibers used were 0.5% and 0.2% by volume, or equivalently 66 lbs/yd 3 and 4.4 lbs/yd 3 of concrete, respectively. This dosage was determined by trial tests of specimens with different fiber contents. Furthermore, in this proposed FRC slab, the top longitudinal and transverse reinforcement in the original RC approach slab were taken out, mainly to evaluate whether top surface cracks can be adequately controlled by the addition of fibers. The removal of top reinforcement was established on the basis of the small negative bending moment determined from analysis. Fig. 1 shows details of the steel reinforcement in the fiber-reinforced concrete slab, where the bottom longitudinal and transverse reinforcement were kept at #8@6" center-to-center and #5@12" center-to-center, respectively.
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Flexural Properties of Fiber-Reinforced Concrete
The response of fiber-reinforced concrete when used in approach slabs is expected to be dominated by flexure under gravity loading. To that end, the ASTM C1609 [5] is used to characterize the flexural properties of fiber-reinforced concrete. More specifically, load-deflection curve from three-point bending test is used to determine the first-peak strength and the flexural toughness of the concrete, both of which are deemed useful for performance assessment of fiber-reinforced concrete. The first-peak strength and the overall strength are important tensile properties, and are both calculated using the formula [5] :
Sustainable Cities Development and Environment Protection
where P = applied load, L = span length, b = width, and d = depth of the beam. Note that the 'tensile strength' calculated using the first-peak load is taken as the equivalent modulus of rupture. The flexural toughness, on the other hand, measures the energy absorption capacity and is taken as the area under the load-deflection curve up to δ m = L/150, where δ m is the mid-span deflection.
Four molded square beams of 6" by 6" by 24" dimensions were cast using the same mix design as the fiber-reinforced concrete in the approach slab specimen and tested in three-point bending, with a span of L = 18" according to ASTM C1609 [5] . Fig. 2(a) shows the test setup where a closed-loop, servo-controlled hydraulic actuator was used to apply the load. The amount of fibers used in the test beams was the same as that in the actual full size slab i.e. 0.5% for steel fibers and 0.2% for PVA fibers by volume. Load-deflection curves of the fiber-reinforced concrete test beams are shown in Fig.  2(b) , and pertinent results including post-peak residual strength at specified deflections are summarized in Table 1 . It can be seen from Fig. 2(b) , that the addition of fibers in the concrete improved the post-cracking ductility of the test specimens significantly. Although the same amounts of fibers were used in all four beams, considerable variation occurred in the load-deflection curves, with beam no. 1 exhibiting the highest flexural toughness. The average first-peak strength and flexural toughness for the four beams were 735 psi and 552 lb.in, respectively. The average residual strengths at mid-span deflections of L/600 and L/150 were 685 and 435 psi, respectively. From the three-point bending tests, the addition of steel and polyvinyl alcohol fibers improves the post-cracking ductility of the concrete.
Normal-weight ready-mix concrete with maximum aggregate size of 1" was used for the slab.The actual compressive strength of the fiber-reinforced concrete was 5.67 ksi, or about 42% higher than the target 28-days strength of 4000 psi for the plain concrete, and the increase in compressive strength may be attributed to the addition of steel and PVA fibers. Workability of the concrete was usually assessed using the standard slump test recommended by ASTM C143 [6] . A slump of 4" to 6" was generally targeted before concrete placement and water was added when necessary to achieve the target slump. For the FRC slab, however, an inverted slump-cone test, as recommended by ASTM C995 [7] , was used to assess the workability of the fiber-reinforced concrete. The test setup, although not explicitly shown, consisted of a slump cone, a bucket, a concrete vibrator of 1" diameter and a frame for adjusting the height of the cone (relative to the bottom of the3bucket). The average time of flow, as measured from the initial immersion of the vibrator to the instant of emptying out the concrete in the inverted slump cone, was 10.6 seconds for three samples of concrete. The average flow time was deemed reasonable for placement of fiber-reinforced concrete in the approach slab. Table 1 . Results of three-point bending tests of fiber-reinforced concrete beams
Experimental Results of the Fiber-Reinforced Concrete Slab
In addition to flexural tests of the four FRC beams, loading test of a full scale fiber-reinforced concrete slab is also conducted. Test results were compared to those from loading test of a conventional reinforced concrete slab test earlier. Fig. 3(a) shows reinforcement cage before pouring Applied Mechanics and Materials Vols. 361-363 1219 concrete, while Fig. 3(b) shows a picture of the complete slab before test. In this test, soil washout underneath the slab near the abutment end is considered an important parameter thus washout length is incorporated into the test protocol. Fig. 4 shows the maximum longitudinal strain at different washout lengths. It can be seen from Fig.  4 that at no soil washout, the maximum tensile strain in one of the bottom reinforcement was 92 micro-strain at a distance of 4' from the abutment, compared to a tensile strain of 101 micro-strain at the same location in the steel reinforcement slab. At the washout length of 8', the fiber-reinforced concrete slab showed tensile strains smaller than that in the steel reinforcement slab e.g. 382 versus 744 micro-strain. At the washout length of 12', the fiber-reinforced concrete slab continued to show smaller strains, e.g. 530 micro-strain in fiber-reinforced concrete slab compared to 1013 micro-strain in steel reinforcement slab. Results from loading tests showed that, when compared to the steel reinforcement slab, the fiber-reinforced concrete slab generally showed smaller strains in the bottom reinforcement.
Slab deflection of fiber-reinforced concrete slab is comparatively small. Fig. 5(a) shows the deflection curves of FRC slab under varying washout lengths. For fully supported slab and for small washout length of 4', imposed wheel loads were essentially transmitted to the compacted soil by direct bearing without significant slab bending. However, slab bending became more important at the longer washout length of 8' and 12'. With increasing washout to 12', slab defection increased dramatically as soil area supporting the slab was progressively reduced by the washout. At large washout length of 12', the fiber-reinforced concrete slab still registered smaller deflection as compared to reinforced concrete slab.
Crack pattern in the approach slabs was generally characterized by flexural cracks as a result of positive and negative bending moments in the slab. At no washout where the slab was fully supported, minor top surface cracks was noted. Bottom flexural cracks, observed from the sides of the slab, were found later than top surface cracks. More specifically, at no washout, three long transverse surface cracks were found on RC slab, while two long surface cracks were found on FRC slab. At 4' washout, eight new cracks were found on RC slab, while only one new surface was found on FRC slab. This observation implied that FRC slab has better crack control capacity. Similarly, at 8' washout, no new bottom or surface cracks were found on FRC slab, while seven new bottom cracks were found on RC slab. In comparison, first bottom crack in fiber-reinforced concrete slab, as can be seen in Fig. 5(b) , occurred at 10 ft washout. In summary, from the crack pattern of fiber-reinforced concrete slab, one may conclude that surface cracks are adequately controlled in the FRC slab by fibers. 
Conclusion
In this paper, flexural tests of fiber-reinforced concrete beams and loading test of a full scale fiber-reinforced concrete slab were conducted. Results from flexural tests showed increase in flexural toughness. Fiber-reinforced concrete approach slab in this project showed similar performance as conventional reinforced concrete slab but exhibited great crack control ability. Despite the absence of top reinforcement, the fiber-reinforced concrete slab showed fewer top surface cracks compared to the conventional approach slab in California, which included top steel reinforcement. Generally, top and bottom cracks were noted later in the fiber-reinforced concrete slab than RC slab. Smaller deflection and end rotation were observed in fiber-reinforced concrete slab when compared to steel reinforcement slab, but the difference is not significant.
